The development of phenotypically and genetically divergent inbred chicken lines as simplified genetic models facilitates the identification of genes and contributes to the elucidation of gene functions. In this study, we characterized a New Hampshire (NH) population with its partial inbred derivative, New Hampshire inbred (NHI), and a White Leghorn inbred line (WL77). Both NHI and WL77 lines were inbred after selection for high meat yield or low egg weight, respectively. The inbreeding levels in NHI and WL77 are about 86 % and 100 %, respectively. Animals of the NHI line grew twice as fast, were about two times as heavy at 20 weeks, and deposited 9.3 times as much fat as WL77. NHI females reached sexual maturity, indicated by age at first egg, earlier, had a 35 % higher egg production ratio, and their eggs were on average 6 g heavier compared to WL77 females. The NHI and WL77 lines were extremely different for most traits, which makes them suitable for cross-bred experiments to map quantitative trait loci and identify genes contributing to the observed differences.
Introduction
Chickens have long been a major source of protein for their meat and eggs and an important model organism for developmental biology (BURT and WHITE 2007) . A number of genetic and environmental factors affect meat and egg production. Gene variants contribute to the variability of the traits. Heritability values for body weight and growth traits are high, estimated between 0.21 and 0.68 (LE BIHAN-DUVAL et al. 2001 , ZHANG et al. 2003 , GAYA et al. 2006 , KAMALI et al. 2007 . Heritability values of 0.42-0.52, 0.31-0.69, and 0.28-0.6 were reported for age at first egg, egg number and egg weight, respectively, in different outbred chickens (WEI and VAN DER WERF 1995 , HARTMANN et al. 2003 , BUITENHUIS et al. 2004 , WOLC et al. 2007 , LWELAMIRA et al. 2009 .
The identification of genes contributing to production traits in chicken would allow the targeted search for genetic variation in these genes in breeding populations to use favored alleles for selection. Therefore, genetic studies have been performed to map genes and genomic loci that affect growth, body composition (MCELROY et al. 2006 , CAMPOS et al. 2009 , and reproduction traits (TUISKULA-HAAVISTO et al. 2002 , SASAKI et al. 2004 , HANSEN et al. 2005 , SCHREIWEIS et al. 2006 . If inbred lines of diverse selection lines are used for gene mapping experiments, the probability is very high that different alleles contributing to different traits segregate in the mapping population, and thus these genetic differences can be identified. These mapping populations permit also the identification of epistatic interactions between genetic loci (CARLBORG et al. 2005) . In addition to advantages in QTL-mapping studies, inbred lines allow the unlimited production of animals of the same genotype for repeated and comprehensive phenotypic characterization.
In the 50th of the last century, a number of chicken inbred lines were generated from different origin. With the development of large scale genotyping and sequencing approaches, these lines were intensively used for the identification of genetic variation. For example, LONERGAN et al. (2003) exploited inbred Leghorn and Fayoumi lines for the study of breast meat quality and composition. ZHOU et al. (2007) used inbred Leghorn and Fayoumi as parental lines to produce an F2 population for a whole-genome QTL scan. Inbred lines of White Leghorn, Fayoumi, and New Hampshire have also been used for genetic studies of production traits for a long time (ZHOU et al. 1999 , DEEB and LAMONT 2002 , SZWACZKOWSKI et al. 2003 , DENNIS et al. 2004 , JUUL-MADSEN et al. 2006 , KIM et al. 2008 .
In this study we present the inbred White Leghorn (WL77), the partially inbred New Hampshire (NHI), and the outbred New Hampshire (NH) lines. The outbred NH line was the original founder population for the inbred derivate, NHI, and still exists. Both NHI and WL77 are unique lines that were inbred after selection for high meat yield and low egg weight, respectively. The inbreeding level in WL77 is close to 100 %, while about 86 % in NHI and about 27 % in NH. These three lines serve as valuable resources for genetic studies to identify the genetic variation contributing to the extreme trait differences. A crossbred population between NHI and WL77 has been generated to facilitate gene mapping. In this initial paper, we describe the origin of the lines and characterized them for their inbred status and for growth parameters, body composition, and egg production traits.
Material and methods

Chicken lines
The outbred New Hampshire (NH) population was founded between 1955 and 1957 at Humboldt-Universität zu Berlin, Germany with NH chicken from different breeders in the region of Brandenburg and Greater Berlin, Germany. Chickens had been selected for high meat yield. In 1957, the population consisted of 8 flocks, each with 1 male and 11 to 16 females. Since 1976, the population has been kept to 15 flocks. Males were selected for high semen volume and quality, and females were selected for high egg performance and fertility. At 40 weeks 1 cock and 5 hens were reproduced in a rotation system where cocks systematically rotate between the flocks to minimize inbreeding. The estimated inbreeding coefficient after 43 generations was 26.6 % by IRGANG (2001) . Since 2001 the outbred population was continued with 4 flocks. Flocks were selected as before for the highest laying performance in hens and fertility in males. At present, in every flock 10 female and 5 male chicks are randomly selected after hatch. The rotation system for mating 1 cock with 5 females is continued.
The NH inbred line (NHI) was generated as an inbred derivative of NH by repeated brother-sister mating, beginning in 1999. In NHI inbreeding was performed initially in 6 randomly chosen full sibs building 6 families. In every family, 1 to 2 cocks were mated with 5 to 8 hens. In generations 1 to 3, those families were selected for further inbreeding which had an optimal sex ratio of at least 5 males and 5 females. In females, the egg laying performance was recorded from the beginning of egg laying until 64 weeks. The number of eggs at 40 weeks and the mean egg weight of hens were used for selecting best hens for further reproduction. Males were selected for best ejaculate quality measured as sperm motility, sperm concentration, and ejaculate volume. In the first three generations four families were lost because of low vitality and infertility. Beginning with the 4th generation of inbreeding, 3 cocks were mated with 3 to 10 hens, depending on the number of vital and fertile hens at the time of reproduction at 40 weeks. No further trait selection was performed. The NHI chickens that we analyzed in this study belong to the 6th inbreeding generation. The inbreeding coefficient was calculated to be 86 % on the basis of the pedigree taking into account an initial inbreeding coefficient of 26.6 % which was estimated by IRGANG (2001) and subsequent 6 generations of brother-sister mating. Based on genotype information of microsatellite markers (unpublished data), 27 out of 174 were heterozygous, indicating an inbreeding level about 84 %, which conforms the estimated value.
The White Leghorn (WL77) line was established with 4 American White Leghorn and 4 Swiss White Leghorn lines at the Eidgenössische Technische Hochschule Zürich, Switzerland in 1960. After several rounds of reproduction, the population was divided into two groups that were divergently selected for high and low egg weight. After 8 generations of divergent selection, the lines were maintained by brother-sister mating without selection (PONSUKSILI 1995) . In 1987, eggs from the low-egg-weight-selected line were transferred to the Experimental Animal Station of the Technische Universität, Berlin, Germany. In 1988, the inbreeding level in this population was reported to be 94 % by SOMES (1988) . As full-sib mating has continued, the inbreeding level in WL77 has reached close to 100 %. Based on the same marker information as for NHI, the inbreeding level in WL77 is close to 100 %. In line WL77, the ejaculate of 4 to 5 males was mixed and used as mixed sample for artificial insemination of 10 to 24 hens per generation until 2008. Since then, the population is maintained in a subpopulation structure of 4 full sibs with a 1: 4 male to female mating ratio.
Housing and management
Since 1993, animals of all lines were housed under the same conditions in the Experimental Animal Station of Humboldt-Universität zu Berlin, Germany. Animals had free access to feed and water. After hatch, animals were fed a starter ration (11.4 MJ ME/kg and 18 % CP). Between 8 and 18 weeks, they were fed a grower ration (11.4 MJ ME/kg and 15.5 % CP). From 18 weeks on, they were fed with a production ration (11.2 MJ ME/kg and 17 % CP). Animals were raised on a straw-covered floor from hatching to 17 weeks and then kept in individual cages (50 cm × 45 cm × 45 cm) until the age of 60 weeks. The floor-space was 1 m 2 for 14 one-day-old chickens until 5 weeks of age and 1 m 2 for 6 animals from 5 to 17 weeks. All lines were reproduced by artificial insemination in 3 to 7 hatches in early spring once a year. Animals were exposed to a lighting regime, which started at the age of 18 weeks with 15 h of light per day, increasing by 30 min every two weeks until reaching 17 h per day at 26 weeks, continuing until 60 weeks. From hatching until one week, animals were kept at 32 °C. Afterwards, the temperature was decreased every week by 2 °C until seven weeks. From this age on, animals were kept at 18-20 °C.
Phenotypic data
For the characterization of growth we used 132, 40, and 13 males and 72, 26, and 15 females of NH, NHI, and WL77 lines, respectively. Body weights (BW) of all animals were measured at hatch, 5, 10, 15, and 20 weeks. Afterwards, males were slaughtered. Females were kept until 60 weeks to collect egg performance data; thus, we also collected body weights at 24, 32, and 56 weeks. Body weight gains (BWG) were calculated as differences between subsequent body weight measurements. For the analysis of body composition, 5 to 6 20 weeks old males of the inbred lines NHI and WL77 were slaughtered and dissected after 10 h of fasting. Feathers, heads, skin, feet and shanks were removed. The body composition measurements were classified into inner organ, adipose tissues, and carcass. We measured the weights of hearts, livers, spleens, pancreases and gizzards and the lengths of the intestines. Afterwards, adipose tissues were dissected and weighed: subcutaneous around the neck, adipose tissue around the heart, retroperitoneal below the kidneys, peritoneal sticking to the kidneys, mesenteric sticking to the gizzard, and abdominal around the gonads. Carcass was defined as the remaining empty body. Heads, necks, and left and right breast muscles were weighed, as well as the combined masses of the bones and muscles of left and right wings and thighs and drumsticks. Relative weights were calculated as a percentage of carcass weight.
For the analysis of reproductive traits we recorded the number of eggs (EN), egg weight (EW), age at first egg (AFE), and the egg production ratio (EPR). Eggs were collected every day from the beginning of egg-laying to 60 weeks. Data on the number and weight of eggs were assigned into early and late production phase between 18 to 40 and 41 to 60 weeks, respectively. Egg weight was measured as the mean weight of two eggs every 4 weeks from the beginning of egg-laying. Egg production ratio (EPR), representing the egg-laying interval between 169 to 280 days, as suggested by Sasaki et al. (2004) , was calculated as the number of eggs divided by 111 days.
Statistical analyses
Analysis of variance (ANOVA) using GLM procedure was performed to test the effects of line, sex, hatch, and interaction between line and sex on growth traits. For the analysis of body composition in males we omitted sex and hatch; for reproduction traits in females we omitted sex. Least-square means (LSM) were calculated for every trait. To test significant differences between animal groups, pair-wise comparisons were performed with the Tukey-Kramer test. Pearson's correlation coefficients between traits were estimated in each line using PROC CORR. All analyses were performed with the SAS package version 9.2 (SAS INSTITUTE 2008).
Results
Growth
Due to the selection for high meat yield in NH and for low egg weight in WL77, the body weight of NH and NHI chickens were about twice as high as in WL77 at the age of 20 weeks (Table 1) . Interestingly, at hatch, chicks of the outbred NH population were significantly heavier than those of the other lines. They were 8 g heavier than chicks of NHI and 10 to 11 g heavier than chicks of WL77. Despite the chicks low weight at hatch in NHI, the growth rate until 10 weeks was similar to that of NH, and much higher than in WL77 (Figure 1) . Afterwards, the weight gain in males of all lines was still positive until 15 weeks, while females' gain slowed down. Table 1 .
Altersabhängige Körpergewichtszunahme bei Männchen (links) und Weibchen (rechts)
Sex had an influence on body weight and growth. As expected, females of all lines were lighter than males. The differences became significant in the NH outbred line at 5 weeks and in NHI and WL77 lines at 15 weeks. At 20 weeks, males of all lines were between 1.28 and 1.38 times heavier than females of the same line. Although the body weights of NHI and NH were similar, it is interesting to mention that the weights of NH and NHI females did not differ from the age of 15 weeks on, while males of the outbred NH line were 18 % and 10 % heavier than NHI males at 15 and 20 weeks, respectively.
Body composition
Body compositions were compared between males of the partially inbred line, NHI, and the inbred line, WL77. Consistent with the 2.1 times higher carcass weight, NHI males had 1.7 to 2.4 times higher average masses of carcass parts (head, neck, breast muscle, wing, and drumstick and thigh) than WL77 at 20 weeks ( Table 2) . As expected, the body composition measurements were highly correlated with carcass-part masses. Therefore, all measurements were also analyzed as a percentage of carcass weight. The ratios of the relative weights of carcass parts to the whole carcass mass between NHI and WL77 are closer to 1, indicating linear growth increase in NHI as compared to WL77. The heart and spleen weights were 2.4 and about 2.5 times higher in NHI as compared to WL77, respectively; liver and pancreas weights were only 1.3 times higher. Gizzard weights did not differ significantly, but NHI chickens had 31 cm longer intestines. While the heart and spleen weights relative to carcass weight were higher in NHI as compared to WL77, most inner organs were greater in WL77 as compared to NHI, relative to their carcass. These results indicate that there is no linear relationship between carcass weight and the weights of inner organs.
The average mass of all collected fat deposits of NHI males was 9.3 times as heavy as in WL77 (Table 2 ). The biggest differences were found for abdominal, heart, and neck adipose tissue, which was 16, 9, and 8 times heavier in NHI than in WL77, respectively. The biggest fat depot, in absolute as well as relative weights, was the abdominal adipose tissue, followed by the subcutaneous fat tissue around the neck. The NHI males had 16 ± 1.82 g fat in the abdominal region and 8 ± 1.72 g around the neck. Retroperitoneal and peritoneal adipose tissue weights were small in both lines and did not differ significantly. 
Reproductive traits
The three lines can be ordered according to their performance for most of the egg production traits from high to low as NH, NHI, and WL77 (Table 3) . As a correlated result of selection for low egg weight, WL77 chickens had the lowest performance for average weekly number of eggs during the entire experimental period (Figure 2 ). NHI had higher reproductive traits than WL77 females, except for EW18-40 and age at first egg, in which they did not differ significantly from each other. The NH females reached sexual maturity earlier than WL77 females. On average, NH females laid their first egg 19 days earlier than WL77 females did. This is consistent with the earlier end to the phase of fastest growth and roughly double body weight at 20 weeks in NH as compared to WL77 females. Consequently, the average number of eggs in the first phase between 18 and 40 weeks is higher in NH as compared to WL77; in the second phase between 41 and 60 weeks, the egg number did not differ significantly. The total egg number in NH was 1.27 times higher than in WL77. The egg weight of NH females was consistently higher than in WL77, on average 1.28 times as much as in WL77 between 18 and 60 weeks. 0.57* 0.56* EPR egg production ratio, significant correlations between traits at *P<0.05, **P<0.01, ***P<0.001, respectively; non-significant correlation coefficients are given in brackets Considering only NH and NHI females, both lines had better performance than WL77 females. The egg production ratios were 85 and 88 in NH and NHI, respectively, compared to WL77 with 65. If we compare the average number of eggs per week in NH and NHI females, we find that NH performed better than NHI until 30 weeks (Figure 2) . Afterwards, the partial inbred NHI line is even more productive than the NH. Due to the later onset of laying eggs in NHI, compared to NH, the highest average number of eggs per week is reached later in NHI but kept nearly constant over about 20 weeks. On the other hand, the average number of eggs per week decreased slowly in NH after having reached a maximum of 6 eggs per week around 30 weeks. The egg weight was always lower in NHI than in NH, but still higher than in WL77. The average egg weight of NHI between 18 to 60 weeks was in between those of NH and WL77. The total egg masses produced by NH, NHI, and WL77 were 10.9, 10.6, and 6.7 kg, respectively.
Correlation between traits
The most significant correlations between traits were consistently found within the NHI line (Table 4) . Specifically, high negative correlations were found between age at first egg and egg number, egg weight, and body weight (−0.53 > r > −0.84). As compared to the NHI line, the NH line showed negative correlation of age at first egg to egg number (r=−0.45) while the WL77 showed no significant correlations involving age at first egg. However, missing significance in the WL77 line could result from the low animal number (15). In tendency, there is also a negative correlation between body weight at hatch and egg number as in the other lines. Additionally, the body weight of newly-hatched NHI chicks was negatively correlated to the number and weight of their eggs during the entire period of egg-laying (−0.46 > r > −0.73). Thus, the lower hatch weight of chicks in NHI than in NH could be the reason for the lower total egg mass in NHI. At week 15, body weight of NHI hens showed positive correlation to egg number (0.56 < r < 0.60) and egg weight (0.53 < r < 0.57), which was not found in the two other lines.
Discussion
The analyzed New Hampshire and White Leghorn lines originate from distinct genetic base populations. Therefore, we expect different alleles at many loci, including some that contributed to the selection for high meat yield and low egg weight in the history of the lines.
The present results clearly demonstrate that the chicken of the outbred NH and partially inbred NHI lines have higher mean growth performance than those in the inbred WL77 line. This is due to the positive selection for high meat yield in NH and low egg weight in WL77. As the weight of chicks at hatch are largely determined by the maternal effect of egg size (MURAMATSU et al. 1990, GRIFFIN and GODDARD 1994) , the smaller egg size of the WL77 dams is largely responsible for the significantly lower body weights at hatch in this line compared to NH. The higher hatch weight of NH chicks as compared to NHI chicks is in line with DEEB and LAMONT (2002) , who compared outbred and inbred Leghorn and Fayoumi lines. They also found that the outbred population had higher hatch weights than the inbred lines. Like in many other chicken populations LAMONT 2002, EL-GENDY et al. 2007) , in all investigated lines, the growth rates of males were higher than in females. The magnitude of sex-difference varied between the lines.
For body composition we only had data for the lines NHI and WL77. Corresponding with the faster growth and twice as high body weight, NHI chickens also had heavier carcass parts. Despite higher absolute mass of inner organs in NHI, most inner organs were proportionally larger in WL77 than in NHI. These finding indicate that the masses of inner organs is dependent on their physiological functions rather than on selection pressure.
Fat deposition is an important trait in the poultry industry. High fat levels are considered an indicator of low commercial value. Its deposition in large amounts can depress feed efficiency (JENNEN et al. 2004) . In agreement with findings on other populations of rapidly growing chickens (HOOD 1984) , the NHI line deposited more fat than the WL77. CHAMBERS (1990) even reported that the differences in body weight of various breeds depend upon differences in abdominal fat weight.
As a result of long term selection, WL77 had the highest age at first egg, a low number of eggs and the lightest eggs. The higher age at first egg in WL77 hens indicates that this line reaches sexual maturity later in life than the other lines. This is in line with the lower body weight in this line. The mean value we obtained for age at first egg in the inbred WL77 line (155) is similar to the value reported by SZWACZKOWSKI et al. (2003) in another inbred White Leghorn population (156.2). The same authors reported a mean of 59.2 g for egg weight, which was higher than in our inbred WL77 line. The higher age at first egg in our WL77 inbred line compared to other White Leghorn populations (SASAKI et al. 2004 , TUISKULA-HAAVISTO et al. 2004 ) is due to the correlated response of selection for low egg weight before inbreeding.
Inbreeding of WL77 did not likely contribute to the low egg weights and numbers, as only the fittest animals were reproduced and high vigor was maintained during inbreeding over many generations. However, inbreeding could play a role in NHI, as compared to NH, in addition to random fixation of alleles contributing to performance. The egg laying performance of the NHI line was between the values of NH and WL77 until 30 weeks of age. Afterwards, the NHI line had the best performance for average weekly number of eggs. This increase in performance of NHI females in the late production period can be due to the positive combined effects of inbreeding and selection of animals with the highest egg number at the age when animals were reproduced.
Unlike in other studies (LUBRITZ and SMITH 1996, LWELAMIRA et al. 2009 ), we found negative correlations between age at first egg and most other egg production traits in all three lines. Similarly, LWELAMIRA et al. (2009) reported phenotypic correlation of −0.16 between age at first egg and egg number. The negative correlation implies that chickens with high ages at first egg not only reach their sexual maturity later in life, but they also produce a lower number of eggs than those having the first egg earlier.
In conclusion, the presented inbred White Leghorn WL77 line and the partial inbred line New Hampshire are two new inbred or nearly inbred lines that can facilitate genetic research in the future to uncover genetic causes of various phenotypic traits. Such experiments are underway. As a result of selection for different traits in the base populations of the inbred lines, the two presented inbred lines differ extremely in all analyzed body weight, growth, and body composition traits, as well as in age of sexual maturity and egg-laying performance. Despite inbreeding, the presented lines have high vigor. Their unique fixation of alleles make them ideal resources in the search for genes contributing to variation in different traits.
